We analyse the geophone orientation and coupling in a data set from the North Sea. Based on the polarization of the water-break on the sea-floor, we have derived processing algorithms for determining the receiver orientation for gimballed and nongimballed geophone systems. For a gimballed system, the problem reduces to a simple horizontal rotation. However, for a non-gimballed system, where all three geophone axes may vary due to varying acquisition conditions such as dipping sea-floor, twisting of recording cable, etc., the three orientation angles cannot be found directly from the recorded displacement vectors. Using the data redundancy within a common-receiver gather, a robust two-stage method is derived for the non-gimballed system in which all three orientations can initially be unknown. Testing on the North Sea data set acquired with a gimballed system shows that the three-component geophones in the data set are orientated satisfactorily within an error of 5". However, there are some undesirable cross-couplings between the vertical and horizontal geophones, which results in leakage of shear-wave energy from the horizontal components to the vertical components.
Introduction
Recent developments in ocean-bottom-cable (OBC) seismics have led to the successful acquisition of multicomponent converted shear-wave data at the sea-bottom. These shear-wave data reveal great potential in imaging subsurface structures where conventional P-wave data may fail, such as salt domes and gas chimneys (Berg, Svenning and Martin 1994) . However, compared with the dual-sensor OBC recording, multicomponent OBC recording has proved to be more expensive due to increasing costs in cable manufacture, deployment and multicomponent data processing, and also to be more difficult due to the considerations for the coupling and orientation of the horizontal geophones.
There are currently various types of acquisition systems for recording multicomponent seismic data at the sea-bottom. These include node-based systems with individually planted sensors, and cable-based systems with either externally clamped sensor packages or internally hard-wired sensor groups. Meunier et al. (1997) evaluated some of these systems using field tests. Sensors planted by a diver or by a remote-operated vehicle often yield good control of coupling and orientation (Pettenati-Auziere, Deboury and Berg 1997) . However, poor coupling may sometimes arise if replanting of the sensor is required which loosens the mud surrounding the node (J. Martin, pers. comm.) .
For the cable system with externally clamped sensor packages, the coupling of the inline geophone is often good, but that of the cross-line geophone is often poor and results in leakage of energy to the vertical. Gaiser (1998) examined this coupling problem in more detail and presented a method to filter out the cross-line pollution. Furthermore, the converted shear waves are often of low signal-to-noise (S/N) ratio, compared with the P-waves, and the system appears to be more suitable for dualsensor (hydrophone and vertical geophone) summation (Macleod et al. 1999) . For the cable system with internally hard-wired sensor groups, high quality shear-wave data have been acquired (Yuan, Ziolkowski and Strijbos 1998) , and the coupling of both horizontal phones with the sea-floor appears to be better compared with the external sensor packages. However, a leakage of energy from the in-line geophone to the vertical has been observed (Yuan et al. 1998) , and here we shall investigate this further.
This paper focuses on the geophone orientation and coupling related to the cable system with internally hard-wired sensor groups. A North Sea data set acquired using this cable system will be used to illustrate the issues. For this, we develop robust processing algorithms to determine the geophone orientation in three-component OBC data both for quality control and for data processing in case of any geophone misorientation. The algorithms are based on the polarization of the water-break recorded by the three-component geophone on the sea-floor, and can be applied for three-component geophone systems in which all three orientations may initially be unknown. We first examine the effects of varying sea-floor properties on the polarization of the water-break, and then present the processing algorithms for both gimballed and non-gimballed geophones, followed by synthetic tests and real data analysis.
Characteristics of the water-break
We consider a multicomponent geometry with three-component orthogonal geophones on the solid sea-floor. We use D(t) or D,(t) to represent the vector displacements at the recording position generated by the airgun, 
If the geophone is aligned perfectly, x is the in-line direction (parallel to the propagation plane and pointing from the source to receiver), y is the cross-line direction (perpendicular to the propagation plane), and z is vertical downwards, forming a righthanded coordinate system; if the geophone is out of alignment, al, a2 and a3 are the three orthogonal axes.
To begin with, we examine the effects of varying sea-floor properties on the polarization of the water-break recorded on the sea-floor. We consider two cases: a homogeneous sea-floor and a sea-floor with a velocity gradient. The sea-floor is often a composite of soft sedimentary rocks and the shear-wave velocity changes dramatically near the sea-floor (Theilen, Ayres and Lange 1997).
For a horizontal sea-floor, the displacements of the water-break can be expressed in the orientated coordinate system as where RY is the rotation matrix about the y-axis, given by cos0 0 -sin0 , S(t) is the source wavelet, X(t) is the wave propagation function in the water, and TPp, Tps, t9,, and 8,, are the P-P and P-S transmission coefficients and angles, respectively, when the water-break impinges upon the sea-floor. These transmission coefficients and angles are dependent on the velocities of the sea-floor. As a result, the polarization direction of the water-break does not point to the source. Changes in the velocities of the sea-floor will induce different behaviours of the polarizations of the water-break. Full-wave synthetics are used to illustrate these effects. We construct three synthetic models ( Fig. 1 ): a hard sea-floor, a soft sea-floor with very low shear-wave velocities and a gradient. The calculated polarizations of the water-breaks with different angles of incidence are shown in Table 1 for these three models. The synthetic data are generated by ANISEIS (Taylor 1990) . Note that the water velocity here is 1500 m/s.
As shown in Table 1 , we can see that the polarization directions of the water-breaks are dependent on their angles of incidence and the P-and S-wave velocities of the seafloor. For a hard sea-floor with relatively high velocities (Table la), the polarization direction of the water-break is significantly deviated from the incident direction, and the deviation increases with angle of incidence and with velocity. For a soft sea-floor (Table lb) , the deviation between the incident and the recorded polarization direction is significantly reduced. In both cases, the water-breaks are linearly polarized before the critical angle, and the critical angle increases as the sea-floor velocities decrease.
For a velocity gradient, we assume an elastic sea-floor with the density, P-and Swave velocities increasing with depth, and we can use a series of fine layers to simulate the gradient. As shown in Table lc Coordinate system for a gimballed vertical geophone system. The z-axis is pointing away from the origin, x -y is the in-line and cross-line horizontal component system, and al -a2 is the recording geophone system which is misorientated by CY degrees. The convention for definition of positive angle is that in a right-handed coordinate system, looking towards the origin, measured counter-clockwise.
mainly determined by the properties of the medium immediately below the sea-floor, and the effects are similar to those of a soft sea-floor. When the S-wave velocity of the sea-floor is very low, and the P-wave velocity is near to the water velocity, the polarization angles are near to the corresponding angles of incidence, and the polarizations are very linear.
Processing algorithms
We consider two cases. In the first case, the geophone is gimballed within the cable, so that one of the axes (assume the as-axis) is always vertical. In this case, we need to determine the orientation of the two horizontal geophones (al and a2, Fig. 2 ). In the second case, a non-gimballed geophone system is assumed and we need to determine all three geophone orientations. All the algorithms are derived based on polarization analysis, of which some basic concepts are given in the Appendix. Note that if a dual-gimballed system is used, or if a gimballed cross-line geophone system is deployed on a horizontal sea-bed, all three orientations are known. In such cases, the processing algorithms may be used for quality control. If a gimballed crossline geophone system is deployed on a dipping sea-bed with the cable twisted, all three orientations will be unknown and this can be treated in the same way as in the nongimballed case.
Gimballed vertical geophone sys tern
Assuming the al-axis is orientated at ac degrees from the x-axis (the in-line direction, where R is a 2 x 2 rotation matrix as defined in (A4) in the Appendix. Equation (3) shows that rotation R(Q) will rotate vector [ai (t), aa( T into its principal polarization axes. Thus comparing (3) with (A3) gives cf = -&p2 (4) where b,,, is the polarization direction of vector [a1 (t), a2(t)lT given by (A2).
Equation (3) also shows that the determination of the geophone orientation relies on the minimization of the energy on the cross-line component. In an ideal case, free of interferences from other waves, there should be no cross-line energy of the water-break if the geophone is aligned within the vertical plane containing the polarization vector (the sagittal plane). Thus, the procedures for determining the geophone orientation for the gimballed geophone system are: 1 from the source-receiver geometry, calculate the water-break arrival times using the water velocity, and carefully define the water-break window length; 2 solve for the orientation angle a! using (4); 3 rotate the horizontal components by angle a, and check the cross-line component for quality control.
Non-gimballed geophone system
As none of the three geophone orientations is known, we have to consider polarization vectors in the three-dimensional space, and use three-dimensional rotation matrices. Again our rotation convention is positive in a right-handed coordinate system, looking away from the origin and rotating clockwise. Figure 3 shows the geometry and coordinate system for a non-gimballed system. We assume that the water-break is propagating within the plane (X -x) with angle 8, and that the polarization vector is recorded by the unorientated three-component geophone system (a2 -a2 -a3) (Fig. 3) . The problem is to determine the direction of the recording geophones and reorientate them into the coordinate system (X -y -a). The recorded displacement of the water-break D,(t) can be obtained by rotating D(t) of (2) from the orientated system to the acquisition system using three Euler rotations. Denoting the Euler angles as a! (about the x-axis), y (about the new x-axis) and 4 (about the as-axis), we have -si n 4
When angle y is near to zero, three Euler rotations reduce to one rotation about the z-axis with angle 4 + (x corresponding to the gimballed geophone case. With known P-and S-wave velocities of the sea-floor, D(t) can be predicted with a normalization factor S(t) (see (2)). Thus, from traces within the critical angle of the water-break, angles ac, y and 4 can be determined from (5) using some optimization methods. However, it is difficult to obtain the sea-floor velocities precisely, and these velocities may vary from one site to another, due to change of sea-floor sediments and depth (Theilen et al. 1997) . On the other hand, as indicated by our polarization analysis of the water-break (Table l) , the polarization angles of the water-breaks are mainly determined by the properties immediately below the sea-floor surface. This makes it more complicated to obtain the proper sea-floor velocities. Therefore, we have to seek an alternative solution.
Consider that a common-receiver gather often contains a number of traces with angles of incidence varying from vertical to near horizontal. Thus we can use a twostage method. First we select those vertically or near vertically incident traces within a common-receiver gather to determine angles 4 and y; then we rotate all the traces in this gather and select other non-vertically incident traces to determine angle cy. To begin with, letting 8 = 0 thus 13 PP = 0, and noting (2), (5) where A+,, is the polarization direction of vector [al (t) , a2( t>lT given by (A2). With angle 4 determined, the common-receiver gather can be rotated to minimize the energy on the a2-axis. Applying this rotation to (6), the rotated displacement vector for those vertically, or near vertically, incident traces can be written as which yields
where the prime indicates the new coordinate after rotation of &T(4).
Based on this, we introduce a two-stage algorithm to determine the orientation of a non-gimballed three-component geophone dropped, or planted, in the sea-floor. In the first stage, we have now determined angles 4 and y from the vertically and near-vertically incident traces of a common-receiver gather. Now we apply these rotations to (5) for all traces within the common-receiver gather. This will align the a3-axis along the x-axis, and the case is reduced to a gimballed geophone case. Thus the azimuthal angle CY can then be determined from the horizontal components in a similar way to the gimballed system using (4).
To sum up, the procedures for determining the geophone orientations for a nongimballed geophone system are: 1 carefully select the vertically and near-vertically incident traces and window the water-break free of interferences of other arrivals on the al-and a2-components; 2 solve for the orientation angle C$ using (7), and angle y using (9); 3 rotate the common-receiver gather using (5), and check the two horizontal components of the near-vertically incident traces for quality control; 4 now follow the procedure for the gimballed geophone system to determine the azimuthal angle cq and note that this has to be performed on the non-vertically incident traces. Note that the above procedure can also be used to determine the three orientations in the case of a gimballed cross-line geophone system deployed on a dipping sea-bed with the cable twisted. In this case, although one of the axes remains horizontal, its azimuth is unknown, and we still need to determine all the three orientations. Geophone X(m) Figure 5 . Synthetic data error analysis. The vertical axis shows the maximum deviation between the re-orientated coordinate system and the designed coordinate system. The star line is for noise-free data, the diamond line for 10% Gaussian noise, and the circle line for 25% Gaussian noise.
Synthetic testing results
For testing, the processing algorithm for the non-gimballed geophone system proposed above is applied to full-wave synthetic three-component sea-floor data computed by the reflectivity method using ANISEIS (Taylor 1990 ) for the isotropic model in Fig. 1 b. We test the algorithm for three cases with different noise levels: (i) free of noise, (ii) 10% Gaussian noise, and (iii) 25% Gaussian noise. Figure 4a shows the noise-free synthetic shot records of the two horizontal components with designed geophone misorientations. The corresponding processed results are shown in Fig. 4b , and the energy on the cross-line component is completely eliminated as expected. Figures 4c  and d show the synthetic data and the processed results for 10% noise. Figures 4e and f show the corresponding data and results for extremely high noise (25%). In both cases of noise test, the algorithm yields sufficiently accurate results. There is almost no coherent energy on the rotated cross-line (y) components, and the continuity of events on the in-line x components is improved (Figs 4d and f) . Figure 5 compares the difference between estimated and designed geophone orientation for all the three cases using the two-stage algorithm. In all three cases, the errors in estimating geophone orientations using the two-stage method are within 5", although the error increases with the noise level.
Field data analysis
Here we apply the two-stage algorithm to field data from the North Sea provided by Shell Exploration. Although the data were acquired by a gimballed geophone system, the algorithm is used to check the geophone orientation and coupling. Figure 6 shows a three-component receiver gather. Note that there is almost no P-wave energy in the inline horizontal (x) component. This indicates near-vertical wave propagations due to low-velocity layers in the near-surface of the sea-floor.
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x-camp y-camp z-camp However, there is very strong shear-wave energy in the vertical (x) component, and there are two possible reasons for near-vertical propagating waves. Firstly, the vertical geophone may be tilted, and secondly, there may be a coupling problem in the geophone system. To examine these issues, we analyse the polarization diagrams (PDs) of the water-break and apply the two-stage algorithm to determine the geophone orientation. We also carry out a full-wave modelling to verify the results. Figure 7 shows the windowed water-break for polarization analysis. Note that a single gain is applied in Fig. 7 in order to maintain the relative amplitudes among the components. Table 2 shows the polarization diagrams (PDs) of the water-break for selected geophones in the sagittal (X -x) plane and in the horizontal (X -y) plane. For near-vertical propagations in the (X -Z) plane, the deviation of the polarization direction from the vertical axis is very small (Table 2a ), indicating that the vertical axis is true vertical. For non-vertical propagations in the (x -y) plane, the azimuthal deviation of the polarization direction from the in-line axis is very small (Table 2b) , Table 2 . Polarization diagrams of the water-breaks at the sea-floor from the data in indicating that the horizontal axes are also orientated satisfactorily. Applying the twostage method to the whole data reveals that the vertical deviation (angle 7) is within 5" (star line, Fig. S) , and that the azimuthal misorientation is also within a similar range (diamond line, Fig. 8 ). Thus the strong shear-wave energy in the vertical component is not caused by geophone misorientation. Note that although a 5" error is often acceptable for exploration purposes, higher accuracy may be required in some timelapse surveys for reservoir monitoring. In such cases, the determination of geophone orientation using first arrivals is no longer appropriate and other non-seismic methods may have to be used. Also note that to perform the above polarization analysis, careful selection of the analysis window is essential. The window should contain the water-break only, and be free from the interference of other wave types. When there is a clean arrival, the window should be sufficiently large to cover at least one cycle of the waveform in order to obtain consistent estimations. If there are interferences from refracted waves, smaller windows may be used. In three-component VSPs, window lengths as small as S-10 ms were used for similar polarization analysis (Gaiser, Ward and DiSiena 1984) . However, such tiny windows are not recommended for sea-floor data, as the results can be unstable. In our example, a clean water-break can be identified as marked in Fig. 7 , and the average time window is 50 ms.
A velocity model can be constructed from the stacked sections of Fig. 6 , as shown in Fig. 9 . Calculating full-wave synthetics shows that for a perfect coupling geophone, there is almost no P-wave energy in the horizontal (x) component, nor is there any shear-wave energy in the vertical (a) component (Fig. 10 ). This confirms that there is a coupling problem between the horizontal and vertical geophones, and the horizontal motion is leaked into the vertical component possibly due to a mechanical fault in the geophone system. Velocity (m/s) 2000 3000 Figure 9 . An isotropic velocity model generated from the stacked sections of Fig. 6 . The solid line is the P-wave velocity and dashed line is the S-wave velocity.
Discussion and conclusions
Based on the polarization of the water-break on the sea-floor, we have derived processing algorithms for determining the geophone orientations for the gimballed and non-gimballed geophone systems and have tested them with synthetic and real data.
Compensating for sensor coupling and orientation correction is not new and there have been many theoretical and practical works published on the subject for threecomponent VSP applications (e.g. Hardage 1983; DiSiena, Gaiser and Corrigan 1984; Esmersoy 1984) . These include sensor design, effects of surrounding media, tool resonance, survey design, polarization analysis and orientation corrections. Although the practical application is different, some of the basic principles may still be applicable in sea-bottom acquisition. So far we have mainly focused on the processing algorithms for analysing geophone coupling and orientation. Here we also give a brief discussion of the other issues. Sensor design is critical to good coupling. The key is to make the sensor small and light while still able to maintain maximum contact with the surrounding media (Sutton and Duennebier 1988) . In surface seismic, this is achieved by the use of spike-planted geophones, while in VW experiments it is achieved by the use of a locking mechanism which clamps the geophone firmly to the borehole wall. The cable system with external sensor packages currently available resembles the VSP design. The sensor packages sink into the mud due to their weight, like the clamping mechanism, for achieving firm contact with the solid sea-bed. As a result, this cable design suffers a coupling problem similar to its VW counterpart, that is, the cross-line component is often poorly coupled compared with the vertical and in-line components (Gaiser 1998 ). As shown in Fig. 6 , high quality shear waves can be recorded by the use of internal sensor groups within the cable, and there is certainly an improvement in sensor coupling. This may be explained in two ways. Firstly, a cable sunk into the mud generally has better overall bounding contact with the surrounding media than the external sensor packages. Secondly, the use of a sensor group enhances the signal, increases the overall bounding contact with the surroundings and may effectively cancel out some noise resonances from individual sensors. However, the leakage from the in-line component to the vertical (Fig. 6) is probably due to a mechanical fault associated with the design of the cable system, particularly with the gimballed geophone mechanism.
The current cable-based systems have all employed a gimballed geophone mechanism. Although gimballed phones have proved to be successful in dual-sensor acquisition (Barr, Paffenholz and Rabson 1996) , for a gimballed three-component geophone a good coupling of the horizontal phones is difficult to achieve (Samson, Barton and Karwatowski 1995) . By contrast, a non-gimballed system may simplify the design of the sensor package and result in good coupling (Meunier et al. 1997) . The use of non-gimballed geophones is a subject which may be worth pursuing in future sea-floor experiments, and the algorithms presented here could have potential applications in such experiments.
Survey design and water depth also affect the solution to coupling and orientation correction. To achieve quality coupling of the three-component gimballed system and reliable determination of the geophone orientation requires careful acquisition design which may involve changing the layout of the survey (Brink et al. 1996 ). An alternative method involves either planted, or trench-buried, geophones, which are clearly more expensive. In a deep-water environment, water velocity may change with depth as temperature varies. The data redundancy in shots for a range of azimuths and offsets will help to reduce the uncertainty in orientation estimation. Analysis of near-offset traces is sometimes unstable because of noise, while for far-offset traces the refracted arrival is most often the first arrival. In such a case, analysis of the orientation and coupling may be carried out for the refracted arrival, or even for some good reflection events from the subsurface (Kristiansen 1998) , and the same methodology applies. Different cable deployment methods (dragged, dropped or trenched) may also affect the coupling and hence the orientation. Dragged cable acquisition is relatively efficient but may degrade the coupling and orientation for sensors at the near side, while trenched cable acquisition is often very expensive. The drag-dropped cable seems to be a good compromise.
We conclude from our study that a two-stage method can be used to determine the three geophone orientations in a 4C sea-floor seismic survey. The method utilizes the polarization of the water-break at near-offset traces (at the first stage) and far-offset traces (at the second stage). Applications to synthetic data show that tool orientations can be estimated with sufficient accuracy for very strong noise compared with the water-break energy. To check the geophone orientation and coupling for quality control, the algorithm is applied to field data from the North Sea acquired by a gimballed geophone system. The processing results show that the misorientation of the geophones in the field data is within 5", and that there is a coupling problem between the horizontal and vertical geophones. This coupling problem resulted in substantial shear-wave energy being recorded on the vertical geophone while there is almost no shear-wave energy in the horizontal geophone, and this is confirmed by full-wave modelling. is a 2D rotation matrix, and T represents matrix transposition. Here in defining the rotation matrix, we follow the convention that in a right-hand coordinate system and looking towards the origin, a counter-clockwise rotation is a positive rotation. As shown in Fig. 11 , the rotation in (A3) maximizes one of the coordinates, a'(t), and minimizes the other, b'(t) .
